A simple, selective, and inexpensive kinetic method was developed for the determination of hydrazine based on its inhibitory effect on the thionine-bromate system in sulfuric acid media. e reaction was monitored spectrophotometrically at 601 nm by a �xed time method. e effect of different parameters such as concentration of reactants, ionic strength, temperature, and time on the rate of reaction was investigated, and the optimum conditions were obtained. Under optimum conditions, the calibration curve was linear in the concentration range from 0.8-23.0 g mL −1 of hydrazine, and the detection limit of the method was 0.22 g mL −1 . e relative standard deviation for �ve replicate determinations of 1.0 g mL −1 of hydrazine was 0.74%. e potential of interfering effect of foreign species on the hydrazine determination was studied. e proposed method was successfully applied for the determination of hydrazine in different water samples.
Introduction
Hydrazine is a strong reducing agent that is used as an oxygen scavenger in boilers. Hydrazine and its derivatives are also used widely in industry and agriculture as fuel in rockets and fuel cells, antioxidant, corrosion inhibitor, catalyst, emulsi�er, insecticide and pesticide, plant-growth regulator, photographic developer, dyes stuff, explosive, and blowing agent for plastics [1] [2] [3] . Hydrazine that can be absorbed through skin has carcinogenic and hepatotoxic effects. It affects the liver, the kidney, and the brain; therefore, it is important in pharmacology. Furthermore, hydrazine is suspected of being a mutagen and carcinogenic compound [4] . Since the toxicity of hydrazine is well known, a sensitive and accurate method requires for the determination of trace amounts of hydrazine in different samples.
Various instrumental methods were used for the determination of hydrazine. ese include chromatography [5, 6] , capillary electrophoresis [7] , voltammetry [8, 9] , spectrophotometry [10] , spectro�uorimetry [11] , chemiluminescence [12] , potentiometry [13] , and amperometry [14] . Some of these methods have limitations such as hard operation and high cost. Catalytic spectrophotometric methods, because of their excellent sensitivity, sufficient accuracy, simple procedure, and inexpensive apparatus, are more attractive for the determination of hydrazine and a large group of compounds in different matrices [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
In this paper, a kinetic spectrophotometric method was developed for the determination of hydrazine based on its inhibitory effect on the reaction of bromate with thionine in acidic media. e developed method surpasses reported kinetic spectrophotometric methods in the linear dynamic range [20, [22] [23] [24] and detection limit [19, 21] for hydrazine determination. However, lower detection limit [18] and wider linear dynamic range [21] were also reported. e method has been successfully applied for the determination of hydrazine in different water samples. 
Experimental

Apparatus.
A Shimadzu UV-VIS spectrophotometer (160-A, Japan) with 1 cm matched glass cells was used to measure the absorbance. A thermostated water bath (Heidolph, Germany) was used to keep the reaction at desired temperature. A stopwatch was applied to record the reaction time. thionine solution, and the sample or standard solutions containing 8.0-230.0 g of hydrazine were added. e solution was mixed and diluted to 8 mL with water. en, 0.08 mL of 50.0 mmol L −1 bromate solution was added and diluted to the mark. e solution was mixed thoroughly and a portion of it was transferred to a glass cell. e absorbance of inhibited reaction (Δ ) was measured against water at 601 nm for time interval 0.5-2.5 min. e measurement in the absence of hydrazine was repeated to obtain the values for the uninhibited reaction (Δ ). Finally, the difference in the absorbance change was considered as the response (Δ Δ − Δ ).
Results and Discussion
Figures 1(a) and 1(b) show the absorption spectra of the reaction mixture (sulfuric acid, thionine, and bromate) in presence and absence of hydrazine, respectively. Since the absorbance change was reduced sign�cantly in presence of hydrazine, the proposed reaction system can be used for the determination of hydrazine. e possible mechanism of the reactions can be described as follows:
where Red is the reduced form and Ox is the oxidized form of reactant. e presence of reducing agents that react slowly with bromate but rapidly with bromine inhibits the decolorizing reaction. According to the following reaction, hydrazine reacts with bromine and causes an inhibitory effect on the decolorization of ionine by bromine.
e level of inhibition depends on the amount of hydrazine in the reaction mixture. erefore, this behavior allows developing an analytical method for the determination of hydrazine.
Effect of Variables.
e effective parameters on the reaction rate including the reagents concentration, ionic strength, temperature, and time must be optimized to take full advantages. For this purpose, each parameter was optimized by setting other parameters constant. e maximum difference between the blank and sample absorbance change (Δ ) was considered to obtain more sensitive results. e in�uence of sulfuric acid concentration on the sensitivity was investigated in the range from 0.4-1.0 mol L Under the optimum concentrations of sulfuric acid and thionine, the effect of bromate concentration was investigated over the range from 0.25-0.55 mmol L −1 ( Figure 4 ). As it can be seen in Figure 4 , the maximum response was obtained at 0.4 mmol L −1 of bromate concentration. erefore, this concentration was selected for further study.
Under the optimum reagents concentration, the effect of the ionic strength was studied in the range from 0.00-0.75 mol L −1 by using a sodium sulfate solution sulfate concentration and the most sensitivity was obtained in absence of it. is may be attributed to the absorption behavior of thionine. In presence of sodium sulfate, the closeness of ions to thionine alters the molar absorptivity of it due to electrostatic interactions. erefore, the effect of this parameter was overlooked.
e in�uence of temperature on the reaction rate was studied in the range from 15-45 ∘ C with the obtained optimum conditions. e results in Figure 5 show a maximum at 20 ∘ C. erefore, this value was selected as the optimum temperature.
e optimum time of reaction was found by measuring the change in the absorbance from 0.5-4.0 min. e reaction rate increased up to 2.5 min, and in longer times it was almost constant. erefore, 2.5 min was selected as the optimum value. . e data analysis gave the regression e�uations for the �rst and second linear segments of (3) as follows: 
Analytical
where Δ is the difference in the absorbance changes between the blank and sample (response), is the concentration of hydrazine ( g mL −1 ), and 2 is the correlation coefficient. e relative standard deviation of �ve replicate determinations was 0.74% for a solution of 1.0 g mL −1 of hydrazine. e detection limit, de�ned as D.L. � 3 /m, where is standard deviation of the blank signal and m is the slope of the calibration curve, was 0.22 g mL −1 of hydrazine. To study the selectivity of the proposed method, the effect of various species on the determination of 1.0 g mL
of hydrazine was investigated (Table 1) . e tolerance limit was de�ned as the concentration of added species causing a relative error less than 5%. As it can be seen in Table 1 , most of species did not interfere even when present in 100-fold excess over hydrazine.
In Table 2 , some of the analytical parameters obtained in this work are compared with those previously reported in the literature [21, 22, 24] . According to Table 2 , the proposed method is comparable to other catalytic kinetic spectrophotometric methods. erefore, the proposed method has the potential to offer itself as an alternative method for hydrazine analysis.
Application.
In order to evaluate the capability of the proposed method, it was applied to the determination of hydrazine in different water samples. For this purpose, four water samples from three sources were examined. e distilled water and drinking water were spiked with 1.0 g mL were prepared from Yazd Power Generation Co and analysed as received. e obtained results were given in Table 3 . e recoveries ( ) were between 98.0 and 103.4% that con�rm the reliability of the proposed method. Also, the same samples were analysed using ASTM method [25] . e recoveries vary over the range 98.7-102.4% for ASTM method. As it can be seen, the recoveries obtained from the two methods are in good agreement together. Moreover, the t-test for three replicate determinations at 95% con�dence limit did not show a signi�cant difference between the results obtained from the two methods.
Conclusion
A simple, selective and sensitive kinetic spectrophotometric method for the determination of hydrazine was developed based on its inhibitory effect on the oxidation of thionine with bromate in the acidic media. e method was suitable for the determination of hydrazine in different water samples with satisfactory results.
